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The adbesion of gold films to many surfaces of technological im-
portance, such as glass and Bilicon, bas in recent years been sub-
stantially improved by the use of ion bombardment. Tons may also
play an important role in the film deposition process, depending
on the metbod employed. Low-energy oxygen bombardment during
deposition gives rise to a strong bonding effect, whilst medium-
energy inert-gas ion bombardment can promote interfacial mix-
ing. Higb-energy ion and electronpost-bombardment of gold films
give rise to another bonding mechanism which is thought to result
in electronic interactions at the film-substrate interface.
The purpose of this article is to review the initial growth
processes of gold films on surfaces, and the influence of ion
bombardment both during and after deposition. A brief de-
scription of the methods of assessing adhesion is given first, fol-
lowed by a summary of the physical vapour deposition (PVD)
processes used in gold deposition, since the method employed
can strongly influence the final film adhesion.
Thin films play a vital role in many high technology areas
since they can be used to modify the properties of the surfaces
on which they are deposited. These modifications include
changes to the optical, electrical, magnetic, wear-resistant and
corrosion-resistant properties.
Most of the techniques used to deposit gold films are phys-
ical vapour deposition methods, (PVD), carried out in a vacuum
environment. The properties of the deposited films are in-
fluenced to varying degrees by the parameters used in the de-
position process, such as the deposition rate, pressure in the
vacuum vessel, temperature of the substrate etc..
Since the film must adhere strongly to the substrate in order
to perform satisfactorily, care must be taken to clean the sub-
strate surface prior to coating. Preparation of high qualiry films
is in general best achieved when a final in situ surface cleaning
step is performed in the vacuum deposition system. The
various types of PVD techniques offer varying degrees of final
substrate surface preparation.
In recent years it has been found that the adhesion of gold
films can be increased substantially by low-energy ion bom-
bardment during deposition and also by post-bombardment of
a deposited film with high-energy partiele beams.
Adhesion of Thin Films
The measurement of thin film adhesion is at best a difficult
task and, for some systems, close to impossible. There exists a
number of techniques which are frequently employed and only
a brief description is given here.
The simplest test is the 'tape test' (1), where a piece of ad-
hesive tape is pressed onto the film. The film is considered to
have passed the test if it is not removed when the tape is peeled
away. The pull method relies upon the use of a pin or stud
which is cemented by a suitable adhesive to the film surface.
The force required to remove the pin is then a measure of the
adhesion (2). Problems exist with the type of cement used and
its influence on the film-substrate interface in the case of
porous layers. A related test is the topple test (3). Here a rod is
cemented to the film surface and a lateral (instead of normal)
force is applied. In this case the stress distribution is more com-
plex than the direct pull method.
The scratch test is frequently used for assessing adhesion
(4). Here a stylus with a well-defined radius is drawn across the
surface. The load on the stylus necessary to remove the film
from the substrate is a measure of the adhesion. The test is diffi-
cult to analyse because of the complexity of the system, but
comparative measurements of a given film-substrate combina-
tion appear to give consistent results. The scratch test has been
refined to a high degree and several automatie testing
devices are commercially available.
In the case of film deposits which are too small for other
tests, the cotton bud test is frequently used. The film is simply
rubbed with a Q-tip cotton bud, and its resistance to this
abrasive action is a qualitative measurement of the adhesion.
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PVD Processes for Gold Deposition
Generally PVD procesces for gold deposition may be div-
ided into two categories, those based on evaporation and those
based on sputtering. The type of process employed depends
upon the particular application required, i.e. area to be coated,
uniformity of coating, sensitivity of the substrate to
thermal radiation etc.
Evaporation is the most commonly used technique. Gold is
placed in a tungsten or molybdenum boat and heated to the
point of evaporation. The vapour condenses on the substrate
which is mounted directly above the source. This method of
deposition is economical and available in most thin-film labora-
tories as a simple method of metallisation. Film thickness is
either controlled by measurements of optical transmittance or
reflectance or by a quartz crystal microbalance. Where greater
control over the deposition process is required, electron-beam
evaporation is used. In both cases the energy of the evaporated
atoms is only a small fraction of an electron volt.
In electron-beam evaporation some ionisation of the evap-
orant occurs through interaction with the electron beam (5).
Although the ionised fraction is small (0,01 per cent), thin
film nucleation and growth can be modified if these ions are
accelerated to the substrate during film deposition.
Ion-Assisted Deposition (IAD)
Considerable control over the substrate cleaning stage, in-
itial nucleation stage and film structure can be achieved if the
growing film and substrate are irradiated with a beam of ener-
getic particles. The technique was first tested on optical thin
films by Heitmann (6), who used a discharge tube to create
oxygen ions during thermal evaporation of materials.
In recent years the Kaufman ion source (7) (shown in
Figure 1), originally designed as a thruster for space vehicle
propulsion, has been introduced into thin film deposition tech-
nology. The Kaufman source can provide high fluxes of ions
over large areas with a well-defjned energy that is variable from
approximately 30 eV to a few key. The gun can produce beams
of both reactive and inert gas ions, and mass analysis shows that
the beams contain a high proportion of molecular species. In
the case of reactive ion beams such as hydrogen, oxygen, and
nitrogen, the dimer to monomer ratio (e.g. Oz/O) is approxi-
mately 3.5. Energy analysis of the beam reveals an energy
spread of 10 eV or less at 500 eV. This is to be compared with
the wide distribution in ion energies of 1 to 100 eV or more
present in a discharge-type ion source.
The ion current densities obtainable may be as high as 200
A/m2 for some source designs. The size of the beam is deter-
mined by the source geometry and commercial sources of 150
mm diameter are available. The lifetime of the cathode (usually
a tungsten hairpin filament) is restricted to only a few hours





















Fig. 1 (a) 2.5 cm Kaufman ion source.
(b) Energy analysis of a 500 eV oxygen ion beam.
(c) Major peaks in the mass spectra of a Kaufman source operating
with hydrogen, nitrogen, oxygen and argon.























Fig. 2 (a) Schematic diagram of ion-assisted-depostion (rAD)
(b) Schematic diagram of ion plating based on electron-beam evapora
tion. The substrate may be heated and is biased negatively. Inert or
reactive gas may be admitted during deposition.
(c) Schematic diagram of arc-evaporation system for gold deposition.













(a) SINGLE BEAM	 (b) DUAL BEAM
Fig. 3 (a) Single beam sputtering (b) Dual beam sputtering.
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use of thorium oxide coated irridium cathodes.
A conventional thermal or electron-beam evaporation sys-
tem is readily converted to IAD by mounting the Kaufman
source in the chamber and providing some means of measur-
ing the ion flux (Figure 2a). There have been many reports in
the literature on the influence of IAD on thin film deposition
and substantial improvements in optical properties observed
(see reference 7 for a review of optical materials).
Ion Plating
Ion plating was first discussed in detail by Mattox (8) who
combined thermal evaporation with a glow discharge (Figure
2b). In this technique, ions are produced by evaporating
material in the region of a 2-5 keV inert gas discharge. A frac-
tion of the ionised atoms is then accelerated across the dark
space to the cathode (substrate). The ions experience energy
loss through collisions with other atoms and through charge
exchange processes. It has been estimated that the substrate is
bombarded by 20 energetic neutrals for Bach ion leaving the
edge of the dark space (9). The average ion energy is approxi-
mately 30 eV and the average neutral partiele energy 135 eV.
The ion flux is sufficient to clean the substrate and influence
film growth processes. The technique is able to coat all sides of
the substrate due to the high degree of scattering of evaporated
atoms by the high pressure of the inert gas. Ion plating is also
frequently used for synthesising oxides, nitrides and carbides
(10) by introducing a suitable reactive gas into the vacuum
system.
Arc Evaporation
Arc-evaporation techniques (11) have been used extensively
in the deposition of hard wear-resistant coatings for industrial
applications but are now being refined to deposit high quality
films for a wide range of applications. The principle advantage
of an electric-arc-based thin film deposition process is that a
significant percentage of the evaporant is ionised. Multiply
charged species as high as the fourth charge state have been
observed for some materials. The basic arrangement for arc
evaporation is shown in Figure 2c. The electrodes are brought
together to strike the arc. A cathode spot is then ignited which
moves in a random fashion across the surface of the cathode. In
the region of the cathode spot, electron emission, vaporisation
and ionisation of the cathode metal vapour occur simul-
taneously such that the spot becomes self-sustaining. The spot
or spots move at high velocity and are a source of high current-
density 10 5-108 A/cm2(12). The temperature of the cathode spot
has been estimated for a range of cathode materials (13), the
value for gold being 3620K. The cathode spot produces a high-
speed plasma stream comprising neutral atoms, ions, electrons
and liquid droplets (macro-particles). The energy of the
emitted ions is typically 40 eV per charge state (14) and can be
increased by negatively biasing the substrate to accelerate the
depositing ions. The principal disadvantage with arc-based
technology is the presence of the macro-particles. For gold
cathodes the macro-particle sizes range up to 6 microns in
diameter and 10 per cent of the emitted volume is comprised
of particles of 3-5 microns (15). The macro-particles impact the
substrate along with neutral atoms and gold ions and can lead
to film porosity. Various schemes have been tried to reduce or
totally eliminate the macro-particle contribution with some
success (16). The arc process has a very high deposition rate,
approaching microns per minute for some material. Some re-
ports also indicate that epitaxial film growth for gold on NaCI is
possible at reduced epitaxial temperatures (17), and sugges-
tions have been made that the high degree of clusters in the
beam are responsible. It is, however, more likely that the ion
flux is largely responsible for any modifications of film growth
during deposition.
Sputter Deposition Techniques
When an energetic ion (energy greater than 20-40 eV) im-
pacts a solid surface a collision cascade is created in the outer-
most atomic layers. Some of the energy of the cascade is
eventually transferred to the surface atoms which, if sufficient,
will cause them to be ejected into the vacuum. This process,
termed sputtering, is present during any interaction of a suit-
ably energetic ion with a solid surface and can be used to depo-
sit films by collecting the sputtered material on a substrate.
There are many forms of sputter deposition techniques and
a complete survey is outside the scope of this brief review. The
basic sputter deposition process is illustrated by single and
dual-ion-beam sputtering shown in Figure 3. Here the Kaufman
ion source is directed onto a gold target. A beam of ions,
typically 1 keV Art, sputter gold atoms from the target and a
film is deposited on the substrate. The rate of deposition is ulti-
mately determined by the number of gold atoms ejected per in-
cident ion (sputtering yield). The sputtering yield for gold is
determined by the mass, energy and angle of incidence of the
ions. For 1 keV Ar+ on gold the sputtering yield is 3-4 atoms per
ion (18). If a second ion gun is available to bombard the sub-
strate before or during the film growth, the technique is
termed dual-beam-sputtering (DBS).
The advantage of sputter-based systems is that the energy of
the depositing atoms is higher than that produced by evapor-
ation. Sputtered particles typically have energies of 5-10 eV,
which is sufficient to promote denser film growth than is poss-
ible by thermal evaporation. Loosely bonded atoms on the sub-
strate (contaminants or gold) are themselves sputtered by the
second ion gun prior to or during deposition. This can
result in greatly improved adhesion for some systems. The
adhesion of sputter-deposited gold on glass is greater than that
of evaporated films (19).



























The ideal deposition technique is one which has a variable
deposition energy of the gold atoms where sputter-cleaning of
the substrate is possible before the energy is reduced to a level
at which a net deposition occurs. Arc evaporation is close to
this ideal but has some drawbacks.
Ion beam deposition (IBD) is somewhat closer in which the
depositing atoms are ionised, accelerated and then deposited.
The liquid metal ion source (20), recently introduced as a high
brightness source of metaI ion beams, has been demonstrated
to produce excellent gold deposits. The source is shown in
Figure 4a. The process uses a field emission spray system com-
posed of mixed beams of molten droplets and metal ions pro-
duced by applying a high electric field to a nozzie containing
molten gold in a vacuum. The spray is then directed onto a sub-
strate, The ions travel at high velocities (10 1
 m/s) and can
sputter-clean the substrate to provide good adhesion for the
molten droplets. Coating rates of 1 micron per minute over
a few square centimetres have been reported.
Another technique which uses an ion beam type technology
is ionised cluster beam deposition (ICB), shown in Figure 4b.
Vaporised metal clusters are formed by adiabatic expansion
through a nozzie leading to the deposition chamber. The clus-
ters of 500-1000 atoms are ionised by electron bombardment in
an electrode assembly mounted over the crucible and
accelerated towards the substrate. The cluster breaks up on im-
pact by an amount which depends on the angle of incidence
and accelerating voltage. If complete dissociation occurs, each
atom has an average energy E = eV /N, where e is the electric
charge, V the acceleration voltage and N the number of atoms
in the cluster.
Typical values for E are 0.1-10 eV. Recent computer simu-
lations, however, show that complete dissociation does not oc-
cur and that the cluster may simply stack on the substrate sur-
face with some relaxation to reduce inter-cluster voids (22). An
example of such a simulation is shown in Figure 5.
(Continued on page 108)
Fig. 4 (a) Gold deposition by field emission from a liquid metal
ion source (20).
(b) Ionised cluster beam deposition system ICBD (21).
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Fig. 5 Computer sim ulatio n offil m growth by ICBO (22).
(a) - ( c) Impact of a single cluster on the substra te after 2 kEv acceleration at
0.4,0.9. and 12 ps after impa ct .
( d) Simulation of mu ltiple cluster film growth.
t 0.9ps
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Figure 6 Ion assisted techniques: The energy range of the depositing fihn atoms and ions present in ion-based vapour deposition techniques.
Ion-Based Deposition Techniques
The features of the ion-based techniques for gold deposition
are summarised in Figure 6. Here the sources of gold atoms
and ions are identified in terms of their characteristic energies.
The degree of bombardment present during deposition will
strongly influence the adhesion of the film to the substrate as
well as modify the film structure during growth. The effects of
ion bombardment on growing films may be summarised as
(23):
a) enhancement of the surface mobility of adatoms
b) stimulation or acceleration of the nucleation and growth
of nuclei
c) creation of activated sites that stimulate nucleation
d) development of nucleus orientation
e) recrystallisation of the deposited film
f) increase in bonding energy between the deposited film
and substrate
g) decrease in film stress
h) stimulation of chemical reaction for reactive species.
Early Stages of Film Growth
During condensation an energetic atom or ion loses its vel-
ocity component normal to the substrate in order to be phys-
ically adsorbed on the surface (24). Some energy will be lost to
substrate atoms and the velocity component parallel to the sur-
face enables the atom to move over the substrate. If the adatom
collides with other adatoms a critical size nucleus may be
formed whicli will be stable and continue to grow. The number
of nuclei formed depends on the adsorption sites, impurities
and imperfections, electrostatic charge present on the substrate
surface, and the substrate temperature.
The maximum number of nuclei formed is independent of
kinetic energy only if the energy is insufficient to create surface
dèfects through sputtering.
The nuclei grow from atoms received from the vapour and
any subcritical nuclei available. Coalescence with other stable
nuclei eventually results in the formation of a complete and
continuous film. The process can be strongly influenced by the
energy of the depositing atoms or other energetic ions or neu-
trals which bombard the growing film. Momentum transfer to
the subcritical nuclei and adatoms can increase their mobility.
The presence of electrostatic charge on the vapour atoms can
also increase surface adatom mobility. Estimates show that a
gold vapour atom with a velocity of 10 3
 mis (typical of thermal
evaporation at approximately 1000 K) can impart a velocity of
0.01 mis to a 10 om diameter subcritical nucleus of approxi-
mately 105
 atoms. Theoretically, under typical deposition rates
the nucleus can receive enough energy to move a distance of
10 microns on the substrate surface (24).
Energetic particle bombardment can then be expected to
greatly increase the surface mobility of adatoms and subcritical
nuclei. It has also been observed that ion bombardment can in-
crease crystal orientation at the start of condensation as well as
accelerate coalescence (25).
It might therefore be anticipated that any process that can in-
fluence the initial stage of film formation, and hence the inter-
facial atomic layer between the substrate and film, will have a
strong influence on the adhesion of the film.
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Gold Film Adhesion — The Effect of Oxygen
There have been many studies of the adhesion of gold to
oxide (e.g. glass) substrates. Mattox (26) has suggested that the
adhesion that can be attained is directly proportional to the free
energy of oxide formation of the deposited material (+39 Kcal
/mole Au203). Some models propose that oxides and suboxides
exist as a transition region between the substrate and film (27).
Oxygen is supplied to this interface by diffusion through the
film, consistent with a time-dependent increase in gold-glass
adhesion which is frequently observed. It has also been pro-
posed that the oxide surface must have oxygen ions present
such that bonding occurs between the film and oxygen surface
(28).
Frequently when depositing gold, a layer of an oxygen active
metal which has solid solubility with gold is used to increase
the adhesion. It has also been reported that gold will diffuse
into a silica surface if the gold is melted in the presence of oxy-
gen (29).
Significant improvements in the adhesion of gold to silica
were made by sputtering a gold cathode in the presence of an
oxygen discharge (26).
The adhesion was assessed by a standard scratch text. The
failure loading for films deposited without any discharge was
less than 5g whereas the best films survived a 600g load. Hoor-
ever, it was found that all films failed if heated to 250°C in
vacuum.
Ion bombardment during film growth was reported by
Franks et al., (30) to improve gold adhesion on several sub-
strates. Gold was evaporated from a thermal evaporation
source, and the substrate and film bombarded with 5 keV argon
ions. It was found that gold films on sapphire and on glass
could be removed by adhesive tape (tape test for adhesion),
but adhesion was improved by deposition of an interfacial
chromium layer. Good adhesion was found for gold on silicon
and on germanium. No figures were given for the relative ar-
rival rates of gold atoms to argon ions and no other energies or
ion species investigated.
Similar experiments were performed by Nandra et al., (31)
for gold on copper. Here the ion energy was varied from
0.8-6 keV the ion current density from 0.02-0.7 mA/cm 2
 and the
deposition rate from 0.02-2 µm/min. Both the scratch and tape
tests were used to assess adhesion. The main conclusion
reached was that sputter cleaning prior to deposition was the
most effective means of producing highly adherent coatings
and that bombardment during deposition improved adherence
only slightly. Oxygen and argon bombardment of oxides prior
to gold deposition has also been demonstrated to have little
effect on the resulting adhesion (32).
Significant improvements in gold adhesion to glass and
silicon have been found for oxygen ion assisted deposition
(33, 34). Gold was evaporated by electron-beam bombardment
Table 1. Failure loadings as measured by the scratch test for
various substrates under various pre-cleaning and film deposi-
tions. Ion-assistance was carried out at 1 keV
Preparation	 Failure loading (g)
conditions	 Substrate	 65.im	 2501.im





Argon pre-clean + ion	 Glass	 2
assisted (Ark)
Oxygenpre-clean +ion	 Glass	 150	 >2000
assisted	 Si	 300	 >2000
and the depositing film irradiated with 100 eV and 1 keV ions
from a Kaufman source (2 A/m 2
 at a deposition rate of
0.2 nm/s). Other ion species investigated were argon and
hydrogen. Films were prepared both with and without ion
bombardment and the adhesion checked by scratch testing.
The results are shown in Table 1. The best adhesion was found
for films deposited when the substrate was pre-cleaned by oxy-
gen-ion bombardment and the gold film ion-assisted to at least
the point of film coalescence. When prepared under these con-
ditions the film could not be removed by scratch testing with a
250 µm radius tip (standard scratch test size) at the highest
practical loading of 2 kg. The tests were also performed with a
65 µm radium tip, but under these conditions the tip partially
damaged the substrates before any film failure was evident.
If gold is oxygen-ion-assisted to its final thickn°ss, i.e.
throughout the whole deposition process, the films appear less
reflective than normally evaporated gold. Figure 7 shows the
reflectance and optical properties of ion-assisted tand normally
evaporated gold. The changes in the optical properties are as-
sociated with oxygen trapped in voids in the film and can be
modelled assuming a mixture of 82 per cent gold and 18 per
cent oxygen in the Maxwell-Garnett theory (34), where the ef-




where q is the packing density, and N the complex refractive in-
dex of evaporated gold. The theoretical reflectance for this sys-
tem is shown in Figure 7. The actual oxygen concentration in
the film was measured to be approximately 10 per cent.
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Fig. 7 Reflectance of gold films produced by evaporation (solid line) and
oxygen -ton-assisted deposition (broken live). Dotted line is a theoretical
calculation assuming 0,82 packing density for gold (34).
The gold films do not have to be oxygen-ion bombarded
throughout the whole deposition to achieve high adhesion. In
practice it is only necessary to assist the film to the point of
continuous film formation. This point can be estabilshed by
monitoring the transmittance of the film or the electrical resis-
tance between two isolated conductors on the glass substrate
The mechanism involved in ion-induced enhancement of
gold adhesion to glass is not simply sputter-cleaning of the
substrate surface, since argon bombardment does significantly
improve adhesion. A recent systematic study (35) of the nu-
cleation and growth of films of gold on glass substrates by opti-
cal and ion-scattering techniques has given some insight into
the mechanism.
The apparatusused to monitor the properties of gold films
deposited with and without ion bombardment (36) is shown in
Figure 8. The films were deposited by electron-beam evapo-
ration and the optical properties measured by transmittance
and reflectance of a light source (400-700 nm wavelength), and
also, in greater detail, by ellipsometry. Ellipsometry permits
sensitive measurements of change in film thickness and optical
properties by analysis of the state of polarisation of light re-
flected off the substrate and film surface (37). The composition
of the film was determined by ion scattering spectroscopy (38),
which was used to establish the point of coalescence of the
gold films on the substrate beam evaporation.
Light source1 Multi-1 detector
Substrate











Fig. 8 Schematic of the apparatus used to deposit gold by ion-assisted deposition and ellipsometric monitor-










Fig. 9 The change in transmittance of a
gold film at 633 nm duríng deposition
by (a) evaporation, (b) oxygen IAD.
The position of the 'knee' indicates the
point of continuous film formation
(36).
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Fig. 10 The changes in ellipsometric angles A and ii during film growth for
gold films deposited by (a) evaporation, (b) oxygen TAD and (c) argon
IAD. The broken link is the theoretical plot for a film deposited with bulk
optical properties (continuons layer) from the start of the deposition (36).
The change in transmittance of a gold film during depo-
sition by electron-beam evaporation is shown in Figure 9. The
knee in the trace occurs at the point where the optical
properties are changing rapidly due to coalescence of the gold in
film, and marks the point of continuous film formation. When
the film was deposited under 100 eV oxygen ion bombardment g
the knee occurred at a much Barlier stage in the deposition. C)
The change in coalescence thickness was also detected in <
the ellipsometric data. Figure 10a shows the variation in the
ellipsometer angles A and 14i for a growing gold film produced
by evaporation. The locus of the curve starts at the position of a
clean substrate, point A, where A is zero. The film is deposited
to point B where coalescence occurs. The broken line is a the-
oretical calculation for gold film growth, assuming the film is
deposited as a continuous layer with bulk optical properties
Erom the start of the deposition. The results showed that a con-
tinuous gold film was produced at approximately 18 nm, in
close agreement with the valuk of 16 nm of Andersson and
Norrman (39). In the case of oxygen [AD, the ellipsometric data
indicated that coalescence occurred much earlier at approxi-
GoldBull, 1986, 19, (4)	 111
0
mately 4 nm (Figure lob). However, for argon IAD (Figure
10c), no significant changes were observed.
The greatly increased adhesion of gold to silica has been in-
terpreted as a consequence of an increase in the area of contact
between the gold film and the substrate.
An idealised model of the shape of gold islands before co-
alescence has been proposed by Norrman et al., (40). The
model assumes that the film islands, at the point of coalescence,
can be represented by spheroids as shown in Figure 1 la. Im-
mediately after coalescence the islands merge and form (a) an
interfacial voided layer between the silica surface and film, and
(b) an outer surface layer These layer thicknesses are indicated
in Figure 11,
In the case of oxygen ion assistance the shape of the sphe-
riods is thought to be substantially modified as shown in Figure
lib. When coalescence occurs under these conditions, the in-
terfacial voided region is no longer presented. Furthermore,
the outer surface roughness is also reduced from 2.6 to 0.7 nm.
These experiments also demonstrated that once the point of
coalescence had been reached, either with or without ion-assis-
tance, the film could be etched back by ion bombardment to a
much thinner, continuous film thickness than was possible dur-
ing the growth state. Continuous gold films as thin as 0.7 nm
were produced by etching a gold film originally deposited by
oxygen-ion-assisted deposition.
The density of gold mines deposited by ion-assistance is also
greater than that of evaporated films (41). The density of evapo-
rated gold was measured to be approximately 17.5 (f0.5)grcm 3
whereas oxygen ion-assisted film densities of 19.8 (f0.5)g/cm3
are achievable. The bulk density of gold is about 19.29g/cm 3 .
The enhancement in adhesion for oxygen IAD has also been





The major effect of oxygen ion assistance on the nucleation
and growth of thin gold films is then (a) to promote nucleation
such that coalescence is accelerated and (b) to enhance wetting
of the gold islands to the silica surface. This latter effect is pre-
sently thought to the principle reason for the improvement of
film adhesion. The reasons for the enhancement of the wetting
of the gold islands is not yet understood. The process may be
related to gold-oxygen or gold-oxygen-silicon bonding at the
substrate-film interface due to the presence of oxygen ions.
The increased wetting of the gold to the substrate may be
the consequence of the formation of a stable gold oxide at the
film-substrate interface. It has been proposed that gold oxide
can form at high temperatures and diffuse into the surface of
glass (29). Shishakov (42) has reported on the structure of
Au302 prepared by heating gold to 500 °C in an oxygen atmos-
phere. The oxide Auz03 has been produced by oxygen reactive
sputtering and found to be reduced to Au 2O by thermal treat-
ment (43). Electrochemical reactions can also produce Au z03
on the surface of gold (44). It is possible that such stable oxides
are produced by the interaction of energetic oxygen ions with
gold and may influence film nucleation processen, although as
yet no direct evidence has been obtained.
The observation of a time-dependent increase in adhesion
of gold to glass can be intepreted as a result of the mobility of
the voids at the film-substrate interface. Nakahara (45) has sug-
gested that the excess vacancies present in a freshly deposited
film can be annihilated by diffusing to various sinks available in
the film. This may lead to an increase in the area of contact of
the film to the substrate over a period of time. In the case of
oxygen-ion-assisted films, the interfacial voids are already re-







T4.4 nm	 0.7 nm(c)	 (c)
Fig. 11 Proposed model for the growth of gold films; (a) just before coalescence (b) immediately after coalescence (c) after etching back by sputtering with
Tons to the minimum thickness before the film becomes discontinuous. X and Y represent the surface and interfacial layers respectively (36). Figure shows
model for evaporation and ion•assisted films.
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Fig. 12 The theoretical energy-loss regimes for ions in solids. Nuclear stop-
ping dominates at tow energies, the peak occurring at 1.34 and 34 keV for
helium and argon in silicon respectively. At higher energies electronic
stopping dominates (47).
The Influence ofAtomic Mixing on Adhesion
The interaction of an energetic ion with a solid is a complex
process in which many events occur simultaneously. At low
energies, sputtering of the surface atoms will dominate. The
cascades created in the surface layers can lead to a mixing of
the substrate and film atoms (46). If deposition continues dur-
ing mixing, the collisions will eventually be confined to the film
atoms alone.
It is also possible for the diffusion of the film atoms into the
substrate to be enhanced due to the creation of lattice defects
by the incident radiation. The amount of energy transferred
Erom the ion to the substrate atoms depends upon the stopping
power or energy loss per unit length (49). At the lowest veloci-
ties of heavy and medium-mass ions, the energy transfer is
dominated by nuclear collisions, as shown in Figure 12. At
higher velocities, particularly for low-mass ion irradiation in
the MeV energy range, the energy is lost almost entirely by
energy transfer to the target atom electrons (electronic stop-
ping regime). Beyond the stopping-power maximum, the ion is
stripped of its electrons.
The influence of ion bombardment on film-substrate inter-
faces therefore depends very greatly on its energy, nuclear
events dominating at low energies (sputtering, mixing etc.) and
electronic events at high energies (excitation, ionisation, etc.).
The adhesion of thin films to substrates can be greatly im-
proved by a technique based on dual-beam-sputtering. The
technique is known as dynamic recoil mixing (DRM). The
material to be deposited is sputtered from a target onto the
substrate by an ion beam (1 keV, 1 mA/cmz Ar'). At the same
time the film is bombarded with a second ion beam of higher
energy (10 keV, 10 A/cm 2
 Art). During bombardment, the con-
ditions are adjusted to maintain a dynamic balance between re-
sputtering of the film and deposition. A mixing process then
occurs at the substrate film interface leading to enhanced
bonding, particularly for gold on silicon.
The work of Argyrokastritis et al., (48), has demonstrated the
effectiveness of the technique. Gold films were initially sputter
deposited to a thickness of 10 nm onto silicon substrates and
then subsequently bombarded with 10 keV Ar + ions with flu-
ences of 5 x 10 14 and 1 x 1016
 ions/cmz whilst deposition
continued. The factionf of gold atoms transmitted through the
interface is given by
f= (cj2 — 60)/60
where e and ao
 are the standard deviations of the 'as deposited'
gold film and that of the DRM film respectively. The total num-
ber of recoil-implanted gold atoms er is then
er =J•`
where N is the number of gold atoms in the film before ion
bombardment. The number of recoil implanted gold atoms in-
creased with argon fluence from 10 15 to 10" recoil atoms/cmz
for fluences of 10 15 to 1016 ions/cmz . The recoil yield Y, = 6,/00
(the number of gold atoms recoil implanted per incident ion)
was determined for initial gold layer thicknesses ranging from
7 to 28 nm and is shown in Figure 13. The ion energy was 10
keV and fluence 5 x 10i1 ions/cm2. The data show that the value
of Y, increases at layer thickness less than 7 nm and is in good
agreement with computer calculations over the measured
range. The calculated yield also indicates a peak at 5 nm. The
minimum film thickness for a continuous gold layer is also
expected to occur at a similar thickness from measurements
based on IAD. The sputter deposited film is probably fully
coalesced at a thickness less than that of an evaporated layer
due to the influence of the higher arrival-energy of sputtered
atoms and also reflected Ar ions.
DRM has also been shown to produce ion-bombardment-
induced reactions between gold and silicon (49). In this work
higher energy Ar ions of 30 keV were used to bombard an
initial 30 nm thick gold film deposited on silicon. Under dy-
namic conditions it was established that a metastable amor-
phous silicide Au 71Si24 was formed on top of the Bilicon. Gold
silicide formation has also been observed (50) for 200-300 keV
ion bombardment of gold films the principal phases being
Au5Si2, Au5Si; Au 10Si3 and Au3Si.
The influence of DRM on gold bonding to silica has been re-
cently examined in detail (51). The results were sensitive to the
cleaning process used in the preparation of the substrate (52).
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The best substrate preparation required ultrasonic degreasing,
rinsing in deionised water, ultrasonic rinsing in a stream of
deionised water and finally rinsing in isopropyl alcohol before
drying in a flow of dry nitrogen. After coating, the adhesion was
estimated by a pull test. In this method the coated silica sub-
strates were cemented between steel rods and a tensile testing
machine used to pull the rods apart. The critical load at which
bonding failure occurred was then taken as an indication of the
adhesive strength. The results showed that after a fluence
of 1 x 10" Ar ions/cm z on an initial 10 nm gold film, the ad-
hesion of the gold was increased by a factor of 30 compared
with sputtered films.
Post-Irradiation of Gold Films
Ion enhanced adhesion of gold films to silicon, gallium arse-
nide, silica, sapphire, teflon, ferrite and alumina substrates has
been achieved by irradiating the deposited film .with higher
energy ions (53). The energy of the ions used varies from
0.1-21 MeV and the species may be inert or reactive gas ions.
Before the gold is deposited by either evaporation or sputter-
ing the substrate is first carefully cleaned (52). The film is then
bombarded with the ion beam and the adhesion assessed by
the tape method, scratch testing or a simple abrasive rub test.
In a study using 0.1 MeV inert gas ion beams (54) a 10 nm
layer of gold was deposited, subjected to ion bombardment
and further film deposition continued to a final thickness of
500 nm. Figure 14 shows the adhesion, as assessed by scratch
failure loading, as a function of ion dose for 100 key Kr ions. It
can be Been that the adhesion is increased to a maximum of ap-
proximately 20 g at a dose of 2 x 10 15 ions/cm2. The mechanism
for this enhancement in adhesion has been related to the pro-
cess of recoil implantation, as proposed in the initial stage
of DRM.
The gold atoms are effectively knocked forward into the
substrate over a distance of about 1-10 nm by the incident ions.
It was also suggested that electronic collisions in the interfacial
region may influence the adhesion. The initial 10 nm of gold
will also be a discontinuous film if deposited by evaporation.
This has been determined by the recent IAD studies. The
incident ion beam may therefore modify the wetting of the gold
at the substrate interface and this can increase adhesion.
The effect of increasing the energy of the ion irradiation of
the MeV region is to reduce the degree of atomic mixing at the
film-substrate interface (46). The mixed layer thickness for a
metal on a dielectric produced by MeV energy ions has been
measured to be approximately 1.5 nm, which is much less than
the case for low-energy ion mixing or direct implantation (55).
It is therefore probable that the mechanism for enhanced ad-
hesion at MeV ion energies is different to that for the low-
energy case.
Wie et al. (55) deposited 35 nm thick films of gold on
cleaned silica substrates by thermal evaporation and post-
irradiated with high-energy chlorine (Cl) ion beams. The re-
sults are summarised in Figure 15. It was found that the thre-
shold dose (dose above which samples passed the tape test) for
high doses varied with energy as expected from the variation in
the electronic stopping power of the Cl ion beam in silica.
However, it was established that a low-dose threshold also
existed which was independent of energy. These results point
to two distinct adhesion mechanisms, one for low doses and
one for high doses. In the case of low ion doses, microcracks
were observed in the surface of the silica. These cracks closed
up at the higher doses. The origin of the surface crazing was
due to non-uniform stress relaxation of ionisation compaction
of the surface (56) (the compaction of silica under 15 MeV Cl
bombardment was 180 nm). The surface crazing may be res-
ponsible for the improved bonding of the gold to the substrate.
The high-energy mechanism is presently considered to be a
type of spot-weld or stitching process which dominates when
the incident ion is near the peak of the electronic stopping re-
gion. A high-temperature electron spike may form around the
track of each ion as it penetrates the substrate, stitching the film
at the interface.
Similar experiments were also performed on gold films de-
posited on glass by both evaporation and sputtering (57). The
film thickness was varied from 55 to 197 nm and 2 MeV helium
(Hel) used for irradiation. The films did not exhibit any im-
provement in adhesion, but positive results were obtained for
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Fig. 14 The adhesion enhancement for 500 nm platinutn and gold films deposited on ion bombarded 10 nm films deposited on sapphite (54).
aluminium films. The reason for this negative result is not clear
and may be related to the initial substrate prepartion or the
range of thicknesses of the gold films studied.
Thin-film stitching has also been observed for electron irra-
diation of 20 nm thick gold films sputter-deposited onto silicon
(58). The adhesion was improved by irradiating the surface
with 5-30 keV electrons in an electron microscope. The mech-
anism is purely electronic in nature since the electron energies
are below that required to displace the atoms at the interface.
However, it was found that the electron stitching process did
not work when the gold films were deposited by evaporation.
This result is again most probably due to the discontinuous na-
ture of thin gold films produced by evaporation as opposed to
sputtering. This is supported by more recent observations of a
positive result for 10 keV electron irradiation of 55 nm thick
evaporated films (57).
Low-energy electron irradiation has also been demonstrated
to improve the adhesion of gold to silicon (59). When the
native oxide on the surface of silicon was irradiated with
1-3 keV electrons, a partial decomposition of SiO 2
 occurred.
Subsequent deposition of gold produced highly adherent lay-.
ers. The gold adhesion on silicon was found to be good when-
ever gold atoms were able to bond directly to silicon. Good ad-
hesion was observed for gold deposited directly on a clean sil-
icon surface without any electron irradiation.
These results indicate that to achieve high adhesion it is
necessary to clean the substrate in situ, and maintain the clean
surface prior to gold deposition. The surface will remain 'clean'
only if it is maintained under ultra-high vacuum conditions
(less than 10 -
 Pa) where the monolayer formation time is of the
order of several hours.
The mechanism for silicon oxide reduction under electron
impact is also not elear, although the possibility of dissociation
of SiO2
 by momentum transfer from the electron may be ruled
out since the maximum energy is too low to break the chemical
bond, i.e. the same as in the case of MeV particle irradiation. It
has been suggested that the silicon-oxygen bond is broken by
the excitation of oxygen to an ionic state (60). The Tons are then
desorbed and may be neutralised resulting in a release of neu-
tral oxygen. Low-energy ion irradiation can also lead to a deple-
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Fig. 15 The threshold dose versus chlorine ion bombarding energy for gold
films on silica. Thé bars represent the range of the low dose results for
good adhesion and the dots the high dosedata. Films fail the tape test be-
tween these doses (55).
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Summary
The review of the effects of partiele irradiation on the ad-
hesion of gold ions to various substrates has shown that several
mechanisms may be responsible for the enhancement of gold
film bonding.
In the first instance the substrate surface must play a vital
role in the maximum achievable adhesion and its preparation
is a critical element. The film structure and initial adhesion are
also highly dependent upon the film deposition process that is
used. The degree of ionisation present in the deposition pro-
cess has a marked influence on film properties. The presence
of reactive oxygen can modify the wetting characteristics of the
gold to the substrate, even in the case of very low-energy ions.
When medium-energy ion bombardment is employed dur-
ing film growth, atomic mixing effects dominate and lead to en-
hanced adhesion and silicide formation. At higher energies,
where electronic procesces appear to dominate, the film is
'stitched' to the substrate by local regions of high bonding at
the interface, or the surface is crazed and the gold anchored to
the substrate. The studies of electron reduction of surface
oxides show that when silicon-gold bonding dominates the ad-
hesion is high.
It is clear, therefore, that several regimes of particle-
enhanced bonding of gold to silica and other materials exist
and that two or more mechanisms may be operating for a given
set of experimental parameters. q
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